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SELF-CLEANING PROCESS FOR ETCHING SILICON-CONTAINING MATERIAL 

CROSS-REFERENCE 

This application is a continuation-in-part of U.S. Patent Application No. 
09/1 16,621, entitled "Process for Etching Silicon-Containing Layers on Semiconductor 
5 Substrates/' filed on July 16, 1998; and U.S. Patent Application No. 08/969,122, 

entitled "Self-Cleaning Etch Process," filed on November 12,1 997-both of which are 
incorporated herein by reference. 

3 BACKGROUND 

ClO 

iJ The present invention relates to etching a silicon-containing material on a 

substrate. 

-J3 In the manufacturing of electronic components, such as integrated circuits 

\J5 and flat panel displays, silicon-containing layers, such as silicon dioxide, silicon nitride, 
„j polysilicon, metal silicide, and monocrystaliine silicon layers, are formed on a substrate. 

These materials may be etched, for example, to form gates, vias, contact holes, 
3 trenches, and/or interconnect lines. In the etching process, a patterned mask of silicon 

dioxide, silicon nitride or etch resistant polymer is formed on the substrate by 
20 conventional lithographic methods. The substrate is placed in an etching chamber and 

portions of the underlying silicon-containing layer which are exposed through the mask 

are etched, for example, by an energized gas such as a plasma or a microwave 

activated gas. 

25 In the etching process, a film of etchant residue often forms on surfaces 

around the substrate, for example on the wails, components and other internal surfaces 
of the chamber. It is difficult to clean the etchant residue especially when the 
composition of the etchant residue varies across the chamber. The etchant residue 
composition depends upon the composition of the process gas, the material being 

30 etched, and the composition of the etch resistant material on the substrate. For 
example, when tungsten silicide, polysilicon or other silicon-containing layers are 
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etched, vaporized or sputtered silicon-containing species form a large component of the 
etchant residue. In addition, the etch resistant material may also be partially vaporized 
to form gaseous hydrocarbon or oxygen species that become part of the etchant 
residue. The chemical composition of the etchant residue may also vary considerably 
5 also depending upon the local gas environment, the location of gas inlet and exhaust 
ports, and the spatial geometry of the chamber. The etchant residue is undesirable 
because it can flake off during processing and contaminate or otherwise alter the 
characteristics of the surfaces on which it deposits. 

10 In a conventional process, the etchant residue is periodically cleaned off 

the surfaces in the chamber. For example, in one method, after processing a batch of 
I" substrates, a dry-cleaning process is used to clean the chamber surfaces with an 

^ energized cleaning gas. However, when the energized cleaning gas is not sufficiently 

ifi reactive to the etchant residue, slow and inefficient cleaning rates are obtained; and 

j 5 when the energized cleaning gas is too chemically aggressive it can erode the chamber 
walls and components. It is also difficult to control the composition and energy level of 
'7: the cleaning gas to achieve the conflicting goals of high rates of removal of the etchant 

\* h residue, uniform cleaning and of chamber surfaces and reduced erosion of chamber 

surfaces. 

i 20 

In another method, the cleaning gas is added to the etchant gas, and the 
resultant gas composition is energized to both etch the substrate and clean the surfaces 
in the chamber. However, it is often difficult to etch compositionally different portions 
of a substrate at similar etch rates using the combined gas. For example, when etching 
25 p-doped and n-doped regions in the fabrication of p-channei and n-channel CMOS 

transistors in symmetrical matched pairs, it is difficult to etch both doped regions at the 
same etch rates with the combined energized gas. Variations in their etch rates can 
cause the two regions to be etched to different depths. 

30 Thus it is desirable to have an etching process that may be used to clean- 

off etchant residue formed on the internal surfaces of the chamber without excessive 
erosion of the chamber surfaces. It is also desirable for the etching process to etch 
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compositionalfy different regions on the substrate at similar etch rates. It is further 
desirable to etch material on the substrate with a high etching selectivity to a mask or 
underiayer. 

SUMMARY 

The present invention satisfies these needs. One aspect of the present 
invention comprises a method of etching a silicon-containing material in a substrate, the 
method comprising placing the substrate in a process chamber and providing in the 
process chamber an energized gas comprising fluorine-containing gas, chlorine- 
containing gas and sidewall-passivation gas. 

Another aspect is a method of etching a substrate in a process chamber 
while simultaneously cleaning surfaces in the process chamber, the method comprising 
placing the substrate in the process chamber, the substrate comprising a silicon- 
containing material having a plurality of dopant concentrations or dopant types, and 
providing in the process chamber, an energized process gas comprising fluorine- 
containing gas, chlorine-containing gas and sidewall-passivation gas, whereby the 
plurality of dopant concentrations or dopant types in the silicon-containing material, are 
etched at substantially similar rates. 

Yet another aspect is a process chamber comprising a substrate support, 
a gas source for providing process gas comprising fluorine-containing gas, chlorine- 
containing gas, and sidewall-passivation gas, a gas energizer, and a gas exhaust, 
whereby a substrate received on the support may be processed by process gas 
provided by the gas source, energized by the gas energizer, and exhausted by the gas 
exhaust. 

DRAWINGS 

While the description, drawings, and appended claims below illustrate 
exemplary features of the invention, it is to be understood that each of the features can 
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be used in the invention in general, not merely in the context of the particular drawings, 
and the invention includes any combination of these features: 

Figure 1 is a sectional schematic side view of an apparatus according to 
the present invention; 

Figure 2 is an exemplary illustrative block diagram of a computer program 
suitable for operating the chamber and monitoring a process performed therein; 

Figures 3 and 4 are graphs showing the polysilicon etch rate uniformity 
(15) and etch rates obtained for different CF 4 /CI 2 volumetric flow ratios; and 

Figure 5 is a graph showing the polysilicon etch rate uniformity (18) and 
etch rate for different N 2 flow rates. 

DESCRIPTION 

The present invention is capable of cleaning an etchant residue formed on 
surfaces 51 in a chamber 28 while etching a substrate 24 having compositionally 
different regions at similar etch rates and with a high selectivity to a mask or 
underlayer. Typically, the substrate 24 comprises, for example, a semiconductor such 
as silicon, a compound semiconductor such as gallium arsenide, or a dielectric such as 
silicon dioxide. Silicon-containing materia!, such as silicon dioxide, silicon nitride, 
polysilicon, metal silicide, and monocrystalline silicon, may be formed on the substrate 
24. The substrate 24 is etched with an energized gas, such as for example, a 
dissociated gas or a plasma, that comprises cleaning components that clean -- by 
removing or preventing the formation of - etchant residue on the chamber surfaces, 
and the etchant gas components etch the substrate 24. 

A process gas according to the present invention comprises a fluorine- 
containing gas, a chlorine-containing gas, and a sidewall-passivation gas. It has been 
discovered that this combination of gases is capable of etching compositionally 
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different regions on the substrate 24 at similar etch rates, while also cleaning the 
etchant residue deposited on adjacent chamber surfaces 51 at efficient cleaning rates 
and with reduced erosion. The fluorine-containing gas contains elemental fluorine (F) 
and may also contain other elements. For example, suitable fluorine-containing gases 
5 include NF 3 , CF 4 and SF 6 . These gases have a high ratio of fluorine to other species 
which may provide in a relatively large quantity of dissociated or ionized fluorine 
species in the energized gas. The fluorine species cleans the etchant residue on the 
chamber surfaces. The fluorine species also causes less erosive damage to the 
chamber surfaces compared to conventional plasma cleaning processes. A preferred 
10 fluorine-containing gas comprises CF 4 , which provides good cleaning etchant residues 
on chamber surfaces, especially etchant residues containing oxide species such as 
silicon dioxide. 

The chlorine-containing gas contains elemental chlorine (CI) and may also 
1 5 contain other elements. It is believed that the chlorine-containing gas functions as the 
primary etchant for etching the silicon-containing material on the substrate 24. The 
chlorine-containing gas may be ionized or dissociated to form atomic chlorine and 
chlorine-containing species that etch silicon-containing material. For example, 
polysilicon is etched by chlorine-containing ions and neutrals to form volatile SiCl x 
20 species that are exhausted from the process chamber 28. The chlorine-containing gas 
can comprise Cl 2 , or other chlorine-containing gases that are equivalent to chlorine, for 
example, HCI, BCI 3 , and mixtures thereof. For etching polysilicon, Cl 2 is preferred 
because it provides good etching rates. 

25 The process gas further comprises a sidewall passivation gas which 

provides gaseous or condensate species that form passivating deposits upon the 
sidewalls of freshly etched features. Suitable sidewail-passivation gases, include for 
example, nitrogen, hydrogen and carbon monoxide; of which nitrogen is preferred. 
Generally the volumetric flow ratio of fluorine-containing gas and chlorine-containing 

30 gas to sidewall passivation gas is from about 1 :1 to about 10:1 . This ratio provides a 
good balance among etch rate, uniformity, profile and chamber surface cleaning 
efficiency. 
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The process gas is also substantially absent a bromine-containing gas. The 
bromine-containing gas reduces the formation of hydrocarbon etching deposits 
formation on chamber wall. Hydrocarbon based polymer can be formed when HBr is 
mixed with CF 4 for example. The presence of such polymer formation has serious 
impact on process performance and chamber wall environment. The absence of 
hydrogen bromine reduces the constraints in balancing between the process on wafer 
results and chamber wall deposits. It has been discovered that the presence of a 
bromine-containing gas in the process gas mixture, such as for example, HBr, Br, or 
CH 3 Br, can reduce etching uniformity, especially when etching compositionally different 
materials on the substrate. It has been discovered that the bromine-containing species 
that are formed in the energized process gas from the bromine-containing gas, etch the 
compositionally different regions of the silicon-containing material in the substrate at 
widely varying etching rates. This is because the electron affinities of compositionally 
different regions of substrate (for example, that contain different levels or types of 
dopants) can widely differ. It is believed that this difference in electron affinity more 
strongly affects the rate of etching provided by bromine-containing species. Thus, 
adding a bromine-containing gas to the process gas results in increased sensitivity to 
compositional variations in the substrate, and consequently, a more pronounced 
difference in etching rates across these portions of the substrate. 

In contrast, it has been discovered that the smaller and more reactive 
fluorine-containing species provides more uniform etching rates for the compositionally 
different regions. The volumetric flow ratio of fluorine-containing gas to chlorine- 
containing gas also controls the uniformity of etching of the compositionally different 
regions on the substrate. This is because the fluorine-containing species are less 
susceptive to the differences in electron affinity of the compositionally different 
regions. Thus, increasing the fluorine-containing gas provides less sensitivity towards 
different doping composition, while an increased volume of chlorine-containing gas 
provides more sensitivity to the doping composition. The ratio of the fluorine- 
containing gas to the chlorine-containing gas is controlled to provide etching rates for 
the compositionally different regions that differ by less than 5% - or that may even be 
substantially similar or equal. The volumetric flow ratio of the fluorine-containing gas 


1945.P3 

7 

to the chiorine-containing gas and the other gas constituents also controls cleaning of 
the etchant residue, the higher the content of the fluorine-containing gas the more 
effective is the etchant residue cleaning. It has been discovered that a suitable 
volumetric flow ratio of fluorine-containing gas to chlorine-containing gas that provides 
5 high etching uniformity and good etchant residue cleaning rates, is from about 2:1 to 
about 8:1 . The volumetric flow ratio of fluorine-containing gas to chlorine-containing 
gas also controls the shape or profile of etched features. For example, increased 
chlorine content provides etching of features having a more reentrant profile and higher 
etch rates. For etching features having an anisotropic profile in poiysilicon, a suitable 
10 volumetric flow ratio of fluorine-containing gas to chlorine-containing is from about 3:1 
to about 7:1, and more preferably is about 5:1. 

While the process gas of the first or main etching stage is absent a 
bromine-containing gas in the process gas mixture, such as for example, HBr, Br or 

1 5 CH 3 Br gas, to provide better cleaning efficiency and to etch the compositionally 

different regions at similar etch rates; it has been further discovered that when the 
etching selectivity to an underlayer below the material being etched is important, 
optionally, a second energized gas composition may be used to etch any remaining 
portion of material left on the substrate, after the first or main etching stage. In the 

20 second stage, when for example, poiysilicon overlying silicon dioxide is being etched, a 
second gas composition that includes a bromine-containing gas in the process gas 
mixture, such as for example, HBr, Br or CH 3 Br gas, may be advantageously used. In 
one composition, the second energized gas composition comprises HBr and one or more 
of Cl 2 , He-0 2 and CF 4 . This gas composition provides good etching selectivity for 

25 etching poiysilicon over silicon dioxide, thereby reducing over-etching of the underlayer 
when the poiysilicon is nearing completion of etching. 

The first or second process gas may be energized by coupling 
electromagnetic energy, such as RF or microwave energy, to the process gas. This 
30 may be done by inductively coupling RF energy to the gas in a process zone or in a 

remote zone (that is distal from the process zone), for example, by an inductor source, 
such as an inductor antenna. In addition, or as an alternative, the process gas may be 
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energized by capacitively coupling RF energy to the gas by process electrodes that are 
electrically biased relative to one another. In yet another example, the gas may be 
energized by applying microwave energy to the gas in a remote zone or in the process 
zone. 

5 

An apparatus 20 according to the present invention that is suitable for 
etching the substrate 24 is schematically illustrated in Figure 1 . Generally, the 
apparatus 20 comprises a chamber 28 having a process zone 30 for processing a 
substrate 24 and a support 32 to receive the substrate 24. Process gas may be 

10 introduced into the chamber 28 through a gas supply 34 comprising a gas source 36, 
gas outlets 38 located around the periphery of the substrate 24 (as shown) or in a 
showerhead mounted on the ceiling of the chamber (not shown), and a gas flow 
controller 40 is used to control the flow rate of the process gas. Spent process gas 
and etchant byproducts are exhausted from the chamber 28 through an exhaust 42 

1 5 comprising roughing and turbomolecular pumps (not shown) and a throttle valve 44 
may be used to control the pressure of process gas in the chamber 28. 

An energized gas or plasma is generated from the process gas by a gas 
energizer 46 that couples electromagnetic energy, such as RF or microwave energy, to 

20 the process gas in the process zone 30 of the chamber 28, such as for example, an 

inductor antenna 48 comprising one or more coils powered by an antenna power supply 
50 that inductively couples RF energy to process gas in the chamber 28. In addition or 
as an alternative chamber design, a first process electrode 51 such as an electrically 
grounded sidewall or ceiling of the chamber 28 and a second electrode 52 such as an 

25 electrically conducting portion of the support 32 below the substrate 20 may be used 
to further energize the gas in the chamber 28. The first and second electrodes 51, 52 
are electrically biased relative to one another by an RF voltage provided by an electrode 
voltage supply 54. The frequency of the RF voltage applied to the inductor antenna 48 
and/or to the electrodes 51, 52 is typically from about 50 KHz to about 60 MHz. 

30 

The chamber 28 further comprises a process monitoring system 56 to 
monitor the process being performed on the substrate 20. The process monitoring 
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system 56 may monitor, for example, an emission from a plasma generated inside the 
chamber 28, the plasma emission being generally multispectral, i.e., providing radiation 
having multiple wavelengths extending across a spectrum. In addition, quartz crystal 
microbalance (QCM) 58 may be used to determine the amount of etchant residue 
5 deposited on chamber surface during the etching process. Generally, the microbalance 
58 is a piezoelectric plate that changes capacitance when etchant residue is deposited 
on the plate. The microbalance 58 is mounted on an internal surface in the chamber 
28, such as a chamber sidewall, and connected to a QCM computer 60 outside the 
chamber 28. 

10 

To perform the process of the present invention, the substrate 24 is 
placed on the support 32 in the chamber 28, and the chamber 28 is evacuated. 
Process gas is introduced into the chamber 28 by the gas delivery system 34, and the 
gas flow controller 40 and throttle valve 44 are adjusted to maintain the desired gas 
1 5 flow rates and pressure in the chamber 28. The gas energizer 46 forms an energized 
process gas that processes the substrate 24. Typically, process gas is energized by 
applying a RF source power level of about 200 to about 2000 Watts, and an RF bias 
power level of about 5 to 500 Watts. 

20 The chamber 28 is operated by a controller 100 that executes a 

computer-readable process control program 102 on a computer system 104 comprising 
a central processor unit (CPU) 106, such as for example a 68040 microprocessor, 
commercially available from Synergy Microsystems, California, or a Pentium Processor 
commercially available from Intel Corporation, Santa Clara, California, that is coupled to 

25 a memory 108 and other computer components. The memory 108 comprises a 
computer-readable medium having the computer-readable program 102 embodied 
therein. Preferably, the memory 108 includes a hard disk drive 110, a floppy disk drive 
1 12, and random access memory (RAM) 1 14. The controller 100 further comprises 
one or more controller interfaces card 1 1 6 that include, for example, analog and digital 

30 input and output boards, interface boards, and motor controller boards. An operator 
communicates with the controller 100 by, for example, a display 118, such as a CRT 
or flat panel monitor, and a light pen 1 20. The light pen 1 20 detects light emitted by 


1 945.P3 

10 

the display 1 18 with a light sensor in the tip of the light pen 1 20. To select a 
particular screen or function, an operator touches a designated area of a screen on the 
display 1 18 and pushes the button on the light pen 120. Typically, the area touched 
changes color, or a new menu is displayed, confirming communication between the 
5 operator and the controller 100. 

Figure 2 provides an exemplary block diagram of a hierarchical control 
structure of an embodiment of a computer-readable process control program 102 
according to the present invention. The process control program 102 may be stored in 

10 the memory 108, such as for example, a floppy disk or other computer program 

product inserted in a floppy disk drive 1 1 2, hard disk drive 1 10 or other appropriate 
drive. The program 102 may be written in a conventional computer-readable 
programming language, such as for example, assembly language, C + + , Pascal or 
Fortran. Suitable program code is entered into a single file, or multiple files, using a 

15 conventional text editor and stored or embodied in computer-usable medium of the 

memory 108 of the controller 100. If the entered code text is in a high level language, 
the code is compiled, and the resultant compiler code is then linked with an object code 
of precompiled library routines. To execute the linked, compiled object code, the user 
invokes the object code, causing the CPU 106 to read and execute the code to perform 

20 the tasks identified in the program 102. 

Generally, the program 102 comprises an input process selector program 
132, a process sequencer program 134, and a chamber manager program 136. Using 
the light pen interface 120, a user may enter a process set, process parameters, and a 

25 chamber number into the process selector program 132 in response to menus or 

screens displayed on the display 118. The process sets are predetermined groups of 
process parameters necessary to carry out specified processes. The process 
parameters are process conditions, including without limitations, gas composition, gas 
flow rates, temperature, pressure, gas energizer settings such as RF or microwave 

30 power levels, cooling gas pressure, and wall temperature. The chamber number is the 
designated number of a particular chamber on a platform containing multiple chambers. 
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In addition, parameters needed to operate the process monitoring system 56 may also 
inputted into the process selector program 132. 

The process sequencer program 134 comprises program code to accept 
5 the chamber type and set of process parameters from the process selector program 

132 and to control operation of the chamber 28. The sequencer program 134 initiates 
execution of the process set by passing the particular process parameters to a chamber 
manager program 1 36 that controls multiple processing tasks in a chamber 28 and 
typically includes a process chamber program 1 24 and a process monitoring program 

10 126. The process chamber program 124 includes program code to set the timing, gas 
composition, gas flow rates, chamber pressure, chamber temperature, RF power levels, 
support position, heater temperature, and other parameters of a particular process. 
Typically, the process chamber program 1 24 includes a substrate positioning program 
138, a gas flow control program 140, a gas pressure control program 142, a gas 

15 energizer control program 144, and a substrate temperature control program 146. 
Typically, the substrate positioning program 138 comprises program code for 
controlling chamber components that are used to load the substrate 24 onto the 
support 32 and optionally, to lift the substrate 24 to a desired height in the chamber 28 
to control the spacing between the substrate 24 and the gas outlets 38 of the gas 

20 delivery system 34. The gas flow control program 140 has program code for 

controlling the flow rates of different constituents of the process gas. The gas flow 
control program 140 may also control the open/close position of the safety shut-off 
valves, and ramp up/down the gas flow controller 40 to obtain the desired gas flow 
rate. For example, the gas flow control program 140 may be used to set the flow rates 

25 of the different gases or to exclude particular gases from the gas composition. The 
pressure control program 142 comprises program code for controlling the pressure in 
the chamber 28 by regulating the aperture size of the throttle valve 44 in the exhaust 
system 42. The gas energizer control program 144 comprises program code for setting 
low and high-frequency RF power levels applied to the process electrodes 51, 52. 

30 Optionally, the substrate temperature control program 146 comprises program code for 
controlling the temperature of a heater element (not shown) used to heat the support 
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32 and substrate 20; or the flow rate and temperature of fluid circulated through the 
support 32. 

The process monitoring program 1 26 comprises program code that 
5 obtains sample or reference signals from the chamber 28 and processes the signal 

according to preprogrammed criteria. The program 1 26 may also send instructions to 
the chamber manager program 1 36 or other programs to change the process conditions 
or other chamber settings. For example, the process monitoring program 126 may 
comprise program code to analyze an incoming signal trace provided by the process 

10 monitoring system 56 and determine a process endpoint or completion of a process 
stage when a desired set of criteria is reached, such as when an attribute of the 
detected signal is substantially similar to a pre-programmed value. The process 
monitoring program 1 26 may also be used to detect a property of a material being 
processed on the substrate 24, such as a thickness, or other properties, for example, 

1 5 the crystalline nature, microstructure, porosity, electrical, chemical and compositional 
characteristics of the material on the substrate 24. Upon detecting an onset or 
completion of a process, the process monitoring program signals the process chamber 
program 126 which sends instructions to the controller 100 to change a process 
condition in a chamber 28 in which the substrate 20 is being processed. The controller 

20 100 is adapted to control one or more of the gas delivery system 34, plasma generator 
46, or throttle valve 44 to change a process condition in the chamber 28 in relation to 
the received signal. 

Referring to Figure 1 , the data signals received by and/or evaluated by the 
25 controller 100 may also be sent to a factory automation host computer 300. The 
factory automation host computer 300 may comprise a host software program 
302 that evaluates data from several platforms or chambers 28, and for batches of 
substrates 20 or over an extended period of time, to identify statistical process control 
parameters of (i) the processes conducted on the substrates 20, (ii) a property that may 
30 vary in a statistical relationship across a single substrate 20, or (iii) a property that may 
vary in a statistical relationship across a batch of substrates 20. The host software 
program 302 may also use the data for ongoing in-situ process evaluations or for the 
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control of other process parameters. A suitable host software program comprises a 
WORKSTREAM™ software program available from aforementioned Applied Materials. 
The factory automation host computer 300 may be further adapted to provide 
instruction signals to (i) remove particular substrates 24 from the processing sequence, 
5 for example, if a substrate property is inadequate or does not fall within a statistically 
determined range of values, or if a process parameter deviates from an acceptable 
range; (ii) end processing in a particular chamber 28, or (iii) adjust process conditions 
upon a determination of an unsuitable property of the substrate 24 or process 
parameter. The factory automation host computer 300 may also provide the 
10 instruction signal at the beginning or end of processing of the substrate 24 in response 
to evaluation of the data by the host software program 302. 

Examples 

1 5 The following examples illustrate exemplary applications of the present 

invention for etching a substrate 24 and cleaning etchant residue off the surfaces of a 
chamber 28, the invention may be used in other applications as would be apparent to 
those skilled in the art, and the scope of the present invention should not be limited to 
the illustrative examples provided herein. In these examples, a blanket layer of 

20 polysilicon was etched to expose a thin underlayer of silicon dioxide on a substrate 24. 

The polysilicon comprised a plurality of (n or p) doped or undoped regions, and an etch- 
resistant material patterned on the polysilicon. The substrates 24 were etched and 
measurements were made to determine the thickness of polysilicon removed by the 
etching process, the thickness of silicon dioxide remaining, etching rates, etching 

25 uniformity, and the etching ratio selectivity for etching polysilicon relative to overlying 
resist or underlying silicon dioxide. The etch rate uniformity for etching doped and 
undoped polysilicon was determined from: (doped etch rate)/(undoped etch rate). 
Etching rates were measured with an interferometer, such as a Prometrix UV 1050. 
The etch chamber was a DPS chamber from Applied Materials, Inc., Santa Clara, 

30 California, as described herein. 
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Examples 1 to 3: Absence of HBr 

Table I shows comparative examples 1 to 3 that demonstrate that a 
process gas which is absent HBr and which has a suitable volumetric flow ratio of 
fluorine-containing gas to chlorine-containing gas, provides better etching and chamber 
cleaning than process gas containing HBr. Example 1 used a process gas composition 
comprising 100 seem CF 4 , 20 seem Cl 2 , and 30 seem N 2 , a gas pressure of 4 mTorr, a 
source power of 450 watts and a bias power of 70 watts. Example 2 used a process 
gas composition comprising 60 seem Cl 2 , 120 seem HBr, and 16 seem He-0 2 ; a gas 
pressure of 4 mTorr, a source power of 475 watts, and a bias power of 80 watts. 
Example 3 used a process gas comprising 25 seem CF 4 , 60 seem Cl 2 , 120 seem HBr, 
and 1 6 seem He-0 2 ; a gas pressure of 4 mTorr; a source power of 475 watts; and a 
bias power of 80 watts. In these examples, the substrate was maintained at a 
temperature of about 50° C. 

Table I also shows the doped and undoped etching rates as well as the 
ratio of the doped/undoped etching rates. For example 1, which did not contain HBr, 
the etch rate is highly uniform and the ratio of the doped/undoped etch rate is 1 .01 
very close to the ideal value of 1 . Example 2, which contained Cl 2 , HBr, and He-0 2 
provided etching rates that were less uniform with a doped/undoped etch rate ratio of 
1.11 which is about an 1 1 % difference in etch rate. Example 3 which contained CF 4 , 
C! 2 , HBr and He-0 2 provided etch rates that were also not very uniform and with a 
doped/undoped etch rate ratio of 1 .09 - about a 9% difference in etch rates. 


Table I 


Example 
No. 

Process Gas 

Doped Etch 
Rate 
(A/min) 

Undoped 
Etch Rate 
(A/min) 

Doped/Undoped 
Etch Rate 
Ratio 

1 

CFa/C1,/N, 

1720 

1700 

1.01 

2 

CI ? /HBr/HeO ? 

2077 

1844 

1.11 

3 

CFJHBr/CI^/HeOp 

2161 

1987 

1.09 
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15 


20 


15 

Table I demonstrates that prior art etching gas compositions that contain a bromine- 
containing gas, such as HBr, provide significant differences in etching rates of 
doped/undoped poiysilicon on a substrate. In contrast, a process gas which is absent 
HBr, provides unexpectedly uniform etching rate uniformity for etching doped/undoped 
poiysilicon, high etching rates for the poiysilicon, and a clean chamber environment. 

Example 4: Uniformity for Dense & Isolated Features 

Table II demonstrates that the uniform etching rates obtained for both 
dense and isolated feature regions on a substrate. In this example (4), the process 
parameters were 100 seem CF 4 , 20 seem Cl 2/ and 30 seem N 2 ; gas pressure 4 mtorr; 
source power 450 watts, bias power 70 watts; and substrate temperature 50 °C. The 
critical dimension {CD bias) uniformity (at one sigma standard deviation) demonstrates 
that less than 3 nm of the CD bias for different features in dense and isolated regions 
and different line widths (0.18 or 0.25 microns) can be obtained. The etch rate 
uniformity is also demonstrated for features at both the 0.18 and the 0.25 micron sizes 
because the same critical dimension control for different line width was required. 
Generally, the etching uniformity factor was about two times better than that provided 
by conventional etching processes. 


Table II 


25 


CD BiasffJ-m) dense 0.1 8 \im isolated 0.1 8|j.m dense 0.25 um isolated 0.25[im 

0.0010 0.0070 0.0034 


Average: 
ja-loading: 
(isolated-dense) 
16: 


0.0043 

-0.0027 

0.0029 


0.0034 


0.0070 

-0.0036 

0.0046 


0.0042 


30 


Example 5-17: Etch Rate Uniformity 


35 


Table III shows the poiysilicon etch rate and the etch rate uniformity for 
examples 5 to 17 for etching blanket undoped poiysilicon on a silicon substrate in a 
DPS chamber. The process variables included gas pressure (4, 12 or 20 Torr), source 
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power (600 or 800 watts), bias power (70 or 100 watts), CF 4 flow rate (50 or 100 
seem), and Cl 2 flow rate (0, 10, 20, 40 or 100 seem). It is seen that the optimal etch 
rate and uniformity was at about 10:1 to 3:1 volumetric flow ratio of CF 4 to chlorine. 


5 Table III 



Example 
No. 

Pressure 
(mTorr) 

Ws 
(Watts) 

Wb 
(Watts) 

CF 4 
(seem) 

C! 2 
(seem) 

Polysilicon 
Etch Rate 
(A/min) 

Etch Rate 
Uniformity 
(18) 


5 

4 

600 

70 

100 

0 

1161 

3.8 


6 

4 

600 

70 

100 

10 

1670 

1.6 


7 

4 

600 

70 

100 

20 

1913 

1.9 


8 

4 

600 

70 

100 

40 

2127 

2.7 


9 

4 

600 

100 

100 

0 

1296 

4.3 


10 

4 

600 

100 

100 

100 

2426 

2.8 


11 

4 

600 

100 

50 

100 

2406 

5.4 


12 

12 

600 

100 

100 

0 

1482 

5,8 


13 

12 

600 

100 

100 

20 

2188 

2.1 


14 

12 

600 

100 

100 

40 

2180 

5.8 


15 

12 

800 

100 

100 

40 

2738 

1.5 


16 

20 

600 

100 

100 

20 

1974 

5.2 


17 

20 

800 

100 

100 

20 

2386 

1.9 


\^ Figure 3 shows the etch rate uniformity (15) (bars) and etching rate (line) 

IS 10 obtained for increasing volumetric flow ratios of CF 4 /CI 2 and for increasing RF bias 

: SB 

Q power. This figure plots the results of examples 5 to 1 1 , in which the source power 

was held at 600 watts and the helium backside gas pressure was maintained at 4 Torr. 
It is seen that the 15 initially decreases then gradually increases for increasing CF 4 /CI 2 
ratio, indicating that there is an optimal process window to balance etch rate and 
15 uniformity, in addition, the optimal condition for etch rate and uniformity overlaps with 
the process region where anisotropically etched profiles were obtained. 

As shown in Figure 4, the addition of a Cl 2 to a CF 4 based gas chemistry 
that is absent HBr had a significant effect on the polysilicon etch rate and uniformity. 
20 The bars represents the etch rate uniformity and the line represents the etch rate. This 
figure plots the results of examples 1 2 to 15, in which the source power was held at 
600 watts, the bias power at 1 00 watts, and the helium backside gas pressure 
maintained at 12 Torr. Adding 20 seem of Cl 2 (in 100 seem of CF 4 ) increased the 


ii 
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polysilicon etch rate nearly 70%, and improved uniformity from greater than 5 (15) to 
less than 2 (15). However, further increasing the Cl 2 flow to 40 seem did not change 
the etch rate but degraded etch rate uniformity back to about 5 to 6. These results 
indicate that a balanced CF 4 to Cl 2 ratio provides both high etch rates as well as good 
5 etching uniformity. The optimal gas ratio also depends on the gas composition. Good 
etch rate uniformity can be obtained with CF 4 /CI 2 gas ratio ranging from 1:1 to 5:1 at 
4mTorr, while the gas ratio was limited to around 5:1 at a higher pressure of 12mTorr. 
At higher gas pressure, source power became a dominating factor in uniformity control, 
with improved uniformity at a high source power. 

10 

Also, for the CF 4 /CI 2 /N 2 processes, it was found that the ratio of the 
source power level to the bias power level was the main parameter to improve the 
photoresist etching selectivity ratio. Increasing source power to bias power ratio 
improved the polysilicon to photoresist etching selectivity ratio about 20%, which 
1 5 translated to a loss of about 200 A of photoresist while etching away about 1 000 A of 
polysilicon. 

Exam ples 18 to 20: Nitrogen Addition 

20 As demonstrated in Table IV and Figure 5, the addition of 20 seem of N 2 

to the process gas reduced the polysilicon etch rate and decreased the etching 
uniformity by small amounts. Increasing the N 2 flow rate to 40 seem caused the 
polysilicon etch rate to drop by 10%. However, N 2 was added to provide sidewall 
passivation source to provide an anisotropically etched feature profile. 

25 

Table IV 


Example 
No. 

N 2 
(seem) 

Potysilicon Etch Rate 
(A/min) 

Uniformity 
(18] 

18 

0 

2210 

1.2 

19 

20 

2187 

1.4 

20 

40 

1986 

1.5 
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Example 21: Multistage Process 

In Example 21, multiple stages were used to efficiently and uniformly etch 
doped/undoped polysilicon on a substrate without etching through a thin underlying 
5 silicon dioxide layer. In a first etching stage, most of the thickness of the polysilicon 
etch-resistant material was etched while simultaneously cleaning the chamber of 
etchant residue. The energized gas composition included fluorine-containing gas, 
chlorine-containing gas, and sidewall-passivation gas, and was absent bromine- 
containing gas. The main etching stage used the process conditions shown in Table V. 

1 0 The first stage was stopped before the polysilicon was completely etched through using 
optical emission analysis in which the emission spectra of the energized gas in the 
chamber was analyzed to determine a change in chemical composition that 
corresponded to a change in chemical composition of the layer being etched. This stage 
provided uniform etching of the compositionally different regions and also cleaned 

1 5 etchant residues from the chamber surfaces. 


Table V 


Pressure 
(mTorr) 

Source 
power 
{watts) 

Bias 
power 
(watts) 

CF 4 
(seem) 

C! 2 
(seem) 

N 2 
(seem) 

Backside 

He 
Pressure 

Cathod 
temp. 
°C 

Wail 
temp. 
°C 

Dome 
temp. 
°C 

4 

450 

70 

100 

20 

30 

8 

50 

80 

80 


20 

After the first etch, a pump-out stage was performed to exhaust the 
gases used in the main etch stage from the chamber 28. In this stage, the chamber 28 
was pumped down to a low pressure of from about 0.5 mTorr to about 10 mTorr, for 
about 5 to about 1 5 seconds. It is desirable to remove the fluorine-containing gas from 
25 the chamber in this stage. Optionally, a low flow of an inert purge gas, such as 

nitrogen, was introduced during the pump-out stage, to dilute the remaining fluorine- 
containing gas in the chamber 28 and prevent back-streaming of oil from the vacuum 
pump, for example, at a flow rate of from about 50 to about 100 seem. 
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After the pump-out step, a second or overetch stage was performed in 
which the remaining polysilicon was etched. In the second stage, a second process 
gas, containing bromine-containing gas, was energized to etch the polysilicon. In this 
stage, the process gas composition was altered to provide higher etching selectivity for 
5 etching polysilicon over silicon dioxide. In this stage, the composition of the energized 
gas was altered to a gas comprising, for example, Cl 2 , HBr, and He-0 2 . The volumetric 
flow ratio was selected to etch the polysilicon material at high etch rates and at a high 
etching selectivity relative to the underlying silicon dioxide. The source power was 
between 300-800 watts, bias power 20-80 watts, chamber pressure 4-20 mTorr, and 
10 substrate temperature 50°C. 

Thus, the multistage process included a first stage in which the process 
gas was absent a bromine-containing gas, such as HBr gas, which provided a clean 
etching process with uniform etch rates across compositionally different regions of the 
15 substrate; and a second stage where a bromine-containing gas such as HBR gas was 
added to provide a higher etching selectivity to an underlying layer, such as an Si0 2 
layer, especially during the etching of polysilicon material. The second gas composition 
may be altered for etching of other combinations of overlying and underlying materials 
as would be apparent to one of ordinary skill in the art. 

20 

The present invention provides numerous advantages over conventional 
processes for etching materials and maintaining chamber surfaces free of etchant 
residues. Uniform and consistent etching rates were obtained for etching silicon- 
containing material having regions with different concentrations or compositions of 

25 dopant or other materials. Etching rate variations of less than 5% were obtained in 

contrast to conventional gas composition that typically provide etching rates more than 
20%, Moreover, little or no etchant residues remained on chamber surfaces even after 
etching of the substrate and the etchant residues appear to be uniformly cleaned from 
the chamber surfaces even when the thickness or chemical stoichiometry of the 

30 etchant residues varied across the chamber. 
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The invention has been described with reference to certain preferred 
versions thereof; however, other versions are possible. For example, the present 
invention can be used in other chambers and applications, as would be apparent to one 
of ordinary skill. For example, the invention may be applied in sputtering chambers, ion 
implantation chambers, or deposition chambers, or in combination with other cleaning 
processes. Therefore, the spirit and scope of the appended claims should not be limited 
to the description of the preferred versions contained herein. 
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What is claimed is: 

1 . / A method of etching a silicon-containing materia! on a substrate, 

the method cpfmprising 

placing the substrate in a process chamber and 

providing in the process chamber, an energized gas comprising 

fluorine-containing gas, chlorine-containing gas and sidewall-passivation gas. 


2. A method according to claim 1 wherein the silicon-containing 
material on the substrate comprises regions having different compositions, and wherein 
the volumetric flow ratio of the fluorine-containing gas, chlorine-containing gas, and 
sidewall-passivation gas is selected to etch the regions having different compositions at 
substantially similar etch rates. 

3. A method according to claim 2 wherein the silicon-containing 
material comprises polysilicon. 

4. A method according to claim 3 wherein the regions having different 
compositions comprise dopant in a plurality of concentrations or types. 

5. A method according to claim 2 wherein the substantially similar 
etch rates are etch rates that vary by less than about 5%. 

6. A method according to claim 1 wherein the volumetric flow ratio of 
the fluorine-containing gas to the chlorine-containing gas is from about 2:1 to about 
8:1. 

7. A method according to claim 1 wherein the fluorine-containing gas 
comprises one or more of NF 3 , CF 4 or SF 6 . 

8. A method according to claim 1 wherein the chlorine-containing gas 
comprises one or more of Cl 2 or HCl. 
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9. A method according to claim 1 wherein the sidewall-passivation 
gas comprises one or more of nitrogen, hydrogen or carbon-monoxide. 

10. A method according to claim 9 wherein the volumetric flow ratio of 
the fluorine-containing and chlorine-containing gas to the sidewall-passivation gas is 
from 1 :1 to about 10:1 . 

11. A method according to claim 1 wherein the energized gas is absent 
HBr, Br 2 or CH 3 Br. 

1 2. A method according to claim 1 1 further comprising a second etch 
step in which a second energized gas comprising HBr is provided in the process 
chamber. 

13. A method according to claim 1 2 wherein the second energized gas 
further comprises one or more of Cl 2 , He-0 2 and CF 4 . 

14/ A method of etching a substrate in a process chamber while 
simultaneous!/ cleaning surfaces in the process chamber, the method comprising: 

placing the substrate in the process chamber, the substrate 
comprising a silicon-containing material having a plurality of dopant concentrations or 
dopant types; and 

providing in the process chamber, an energized process gas 
comprising fluorine-containing gas, chlorine-containing gas and sidewall-passivation 
gas, whereby the plurality of dopant concentrations or dopant types in the silicon- 
containing material, are etched at substantially similar rates. 

15. A method according to claim 14 wherein the volumetric flow ratio 
of the fluorine-containing gas, chlorine-containing gas and sidewall-passivation gas, is 
selected to etch the plurality of dopant concentrations or dopant types in the polysilicon 
at etch rates that vary by less than about 5%. 
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16. A method according to claim 14 wherein the volumetric flow ratio 
of the fluorine-containing gas to the chlorine-containing gas is from about 2:1 to about 
8:1. 


following characteristics (i) the fluorine-containing gas comprises one or more of NF 3/ 
CF 4 or SF 6 ; (ii) the chlorine-containing gas comprises one or more of Cl 2 or HCI; or (iii) 
the sidewall-passivation gas comprises one or more of nitrogen, hydrogen or carbon 
monoxide. 

18. A method according to claim 14 wherein the volumetric flow ratio 
of the fluorine-containing and chlorine-containing gas to the sidewall-passivation gas is 
from about 1:1 to about 10:1. 

19. A method according to claim 18 wherein the energized gas is 
absent HBr, Br 2 or CH 3 Br. 

20. A method according to claim 19 further comprising a second etch 
step in which a second energized gas comprising HBr is provided in the process 
chamber. 

21 . A method according to claim 20 wherein the second energized gas 
further comprises one or more of Cl 2 , He-0 2 and CF 4 . 


17. A method according to claim 14 comprising at least one of the 



Tf. A process chamber comprising 
' a substrate support, 

a gas source for providing process gas comprising fluorine- 


containing gas, chlorine-containing gas, and sidewall-passivation gas, 


a gas energizer, and 
a gas exhaust, 
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whereby a substrate received on the support may be processed by process gas 
provided by the gas source, energized by the gas energizer, and exhausted by the gas 
exhaust. 

5 23. An apparatus according to claim 22 further comprising a controller 

that is adapted to control the volumetric flow ratio of the fluorine-containing gas, 
chlorine containing gas, and sidewall-passivation gas to etch regions on the substrate 
having different compositions at substantially similar etch rates. 

10 24. An apparatus according to claim 23 wherein the substantially 

similar etch rates are etch rates that vary by less than about 5%. 

25. An apparatus according to claim 24 wherein the volumetric flow 
ratio of the fluorine-containing gas to the chlorine-containing gas is from about 2:1 to 

15 about 8:1. 

26. An apparatus according to claim 25 wherein the fluorine-containing 
gas comprises one or more of NF 3 , CF 4 or SF 6 . 

20 27. An apparatus according to claim 26 wherein the chlorine-containing 

gas comprises one or more of Cl 2 or HCI. 

28. An apparatus according to claim 26 wherein the sidewall- 
passivation gas comprises one or more of nitrogen, hydrogen or carbon monoxide. 

25 

29. An apparatus according to claim 28 wherein the volumetric flow 
ratio of the fluorine-containing and chlorine-containing gas to the sidewall-passivation 
gas is from about 1 : 1 to about 10:1. 

30 30. An apparatus according to claim 26 wherein the controller is 

adapted not to provide in the process chamber a process gas comprising HBr, Br 2 or 
CH 3 Br, 
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31 . An apparatus according to claim 26 wherein the controller is 
adapted to provide in the process chamber, a second energized gas comprising HBr. 

32<r A method of etching a silicon-containing material on a substrate, 
5 the method comprising: 

placing the substrate in a process chamber; 
in a first etching stage, providing in the process chamber, a first 
energized gas comprising fluorine-containing gas, chlorine-containing gas and sidewall- 
passivation gas, the first energized gas being absent HBr, Br 2 or CH 3 Br; and 
10 in a second etching stage, providing in the process chamber, a 

second energized gas comprising HBr, Br 2 or CH 3 Br. 

33. A method according to claim 32 wherein the silicon-containing 
material on the substrate comprises regions having different compositions, and wherein 

1 5 the first energized gas comprises a volumetric flow ratio fluorine-containing gas, 
chlorine-containing gas and sidewall-passivation gas, that is selected to etch the 
regions having different compositions at substantially similar etch rates. 

34. A method according to claim 33 wherein the silicon-containing 
20 material comprises polysilicon. 

35. A method according to claim 33 wherein the regions having 
different compositions comprise dopant in a plurality of concentrations or types. 

25 36. A method according to claim 33 wherein the substantially similar 

etch rates are etch rates that vary by less than about 5%. 

37. A method according to claim 32 wherein the first energized process 
gas comprises a volumetric flow ratio of fluorine-containing gas to chlorine-containing 
30 gas that is from about 2:1 to about 8:1. 
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38. A method according to claim 32 wherein the fluorine-containing 
gas comprises one or more of NF 3 , CF 4 or SF 6 . 

39. A method according to claim 32 wherein the chlorine-containing 
5 gas comprises one or more of Cl 2 or HCI. 

40. A method according to claim 32 wherein the sidewall-passivation 
gas comprises one or more of nitrogen, hydrogen or carbon-monoxide. 

10 41 . A method according to claim 32 wherein the volumetric flow ratio 

of the fluorine-containing and chlorine-containing gas to the sidewall-passivation gas is 
from 1 :1 to about 10:1 . 

42. A method according to claim 32 wherein the second energized gas 
1 5 comprises HBr. 

43. A method according to claim 42 wherein the second energized gas 
further comprises one or more of C! 2 , He-0 2 and CF 4 . 


20 
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ABSTRACT 

A method of etching a silicon-containing material in a substrate comprises 
placing the substrate in a process chamber and exposing the substrate to an energized 
5 gas comprising fluorine-containing gas, chiorine-containing gas and sidewall-passivation 
gas. The silicon-containing material on the substrate comprises regions having different 
compositions, and the volumetric flow ratio of the fluorine-containing gas, chiorine- 
containing gas, and sidewall-passivation gas is selected to etch the compositionally 
different regions at substantially similar etch rates. 
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